We report a comprehensive joint experimental-theoretical study of the equilibrium pair-structure and short-time diffusion in aqueous suspensions of highly charged poly-acrylate (PA) spheres in the colloidal fluid phase. Low-polydispersity PA sphere systems with two different hard-core radii, R 0 = 542 and 1117 Å, are explored over a wide range of concentrations and salinities using static and dynamic light scattering (DLS), small angle x-ray scattering, and x-ray photon correlation spectroscopy (XPCS). The measured static and dynamic scattering functions are analyzed using stateof-the-art theoretical methods. For all samples, the measured static structure factor, S(Q), is in good agreement with results by an analytical integral equation method for particles interacting by a repulsive screened Coulomb plus hard-core pair potential. In our DLS and XPCS measurements, we have determined the short-time diffusion function D(Q) = D 0 H(Q)/S(Q), comprising the free diffusion coefficient D 0 and the hydrodynamic function H(Q). The latter is calculated analytically using a selfpart corrected version of the δγ -scheme by Beenakker and Mazur which accounts approximately for many-body hydrodynamic interactions (HIs). Except for low-salinity systems at the highest investigated volume fraction φ ≈ 0.32, the theoretical predictions for H(Q) are in excellent agreement with the experimental data. In particular, the increase in the collective diffusion coefficient D c = D(Q → 0), and the decrease of the self-diffusion coefficient, D s = D(Q → ∞), with increasing φ is well described. In accord with the theoretical prediction, the peak value, H(Q m ), of H(Q) relates to the nearest neighbor cage size ∼2π /Q m , for which concentration scaling relations are discussed. The peak values H(Q m ) are globally bound from below by the corresponding neutral hard-spheres peak values, and from above by the limiting peak values for low-salinity charge-stabilized systems. HIs usually slow short-time diffusion on colloidal length scales, except for the cage diffusion coefficient, D cge = D(Q m ), in dilute low-salinity systems where a speed up of the system dynamics and corresponding peak values of H(Q m ) > 1 are observed experimentally and theoretically.
I. INTRODUCTION
The existence of a large variety of well-characterized colloidal model systems has triggered extensive research on the dynamics of colloidal Brownian particles over the past decades. [1] [2] [3] [4] [5] This has led to a developed understanding of the microstructure and the dynamics in fluid-like colloidal suspensions. In the present paper, we report on our comprehensive study of aqueous suspensions of charge-stabilized poly-acrylate (PA) spherical particles, which combines stateof-the-art experimental with recently developed theoretical methods. We have synthesized and investigated a large number of PA samples with different particle diameters and size polydispersities, in a wide range of colloid volume fractions and electrolyte concentrations, covering practically the complete fluid-phase state. For the here discussed PA spheres with mean radii of 542 and 1117 Å, the relevant length scales a) fabian.westermeier@desy.de. b) mheinen@thphy.uni-duesseldorf. de. of the structural and dynamical features can be conveniently accessed by static and dynamic light scattering (SLS/DLS), provided that the samples are sufficiently dilute to avoid multiple scattering. For the PA systems at higher concentrations, where for visible light multiple scattering becomes nonnegligible, we have applied static and dynamic x-ray scattering techniques using a partially coherent, third-generation synchrotron source. [6] [7] [8] These techniques have the advantage of covering an extended scattering wavevector range. We have analyzed our experimental results using the recently introduced modified penetrating background-corrected rescaled mean spherical approximation (MPB-RMSA) 9 , 10 method of calculating the static pair-correlations, and using the self-part corrected δγ -scheme 11 for the short-time dynamics of concentrated charge-stabilized colloidal suspensions.
Both the strength and the range of the direct (i.e., nonhydrodynamic) interactions in charge-stabilized colloidal systems are experimentally adjustable by varying the colloid volume fraction, φ, and the concentration of added salt-ion pairs, n s (KCl in our case). The colloidal particles have a steric excluded volume plus an exponentially screened electrostatic repulsion, with the Debye screening length decreasing with increasing φ and n s . At low particle concentrations and salinities, the direct interactions are long-ranged, and near-contact configurations of colloidal spheres are suppressed. At high salinity, the electrostatic repulsion is fully screened. On neglecting short-range van der Waals (vdW) attraction, the pair potential reduces then to the hard-core potential describing neutral hard-spheres.
In addition to direct electro-steric interactions, the dynamics of colloidal particles is influenced also by hydrodynamic interactions (HIs) that couple the motions of the colloids through the low Reynolds-number flow of the suspending viscous solvent. An accurate inclusion of HIs into a theoretical scheme of (short-time) diffusion in concentrated systems is a non-trivial task, due to the many-body character of the HIs. As an additional complication for the theoretical treatment, HIs are the longest ranged particle interactions, decaying asymptotically with the inverse inter-particle distance.
In suspensions of neutral colloidal hard spheres, HIs slow the short-time diffusion on all colloidal length scales by an amount that increases with increasing φ. For charged colloidal systems on the other hand, the interplay of electrostatic repulsion and HIs gives rise to an intricate concentrationscaling behavior of various diffusion coefficients. For example, charge-stabilized colloidal suspensions at low salinity have a collective diffusion coefficient, D c , that varies nonmonotonically as a function of φ. [12] [13] [14] [15] [16] Moreover, the collective diffusive motion on the length scale of the nearest neighbor cage diameter, as described by D(Q m ), is enhanced rather than slowed hydrodynamically at low-salt and low-φ conditions. 11, [17] [18] [19] [20] [21] [22] [23] [24] [25] The hydrodynamic effects described here are analyzed in the present work both experimentally and theoretically.
The static structure factor, S(Q), and the hydrodynamic function, H(Q), predicted by our analytic theoretical methods are shown to be in excellent agreement with our visible lightand x-ray scattering results for all investigated salt concentrations, and for all probed colloidal volume fractions up to φ = 0. 16 . We demonstrate that the predictions of the self-part corrected δγ -scheme for H(Q) and D(Q) become less accurate for low-salinity suspensions at a large volume fraction of φ = 0.32, indicating that a more refined analytical theoretical scheme needs to be developed which covers also this highconcentration regime.
The paper is organized as follows: In Sec. II, we describe our sample preparation, and our static and dynamic visible light-and x-ray scattering experiments. In Sec. III, the essentials of the theory of static and dynamic scattering are presented, with focus on the underlying hard-sphere plus repulsive Yukawa (HSY) pair potential model, and the employed theoretical methods for the statics and short-time dynamics. Section IV includes our experimental and theoretical results on the static scattering functions of the PA sphere systems, and a discussion of the limiting concentration scaling relations fulfilled by the nearest neighbor cage radius. Section V compares our short-time dynamics experimental scattering data to the corresponding theoretical predictions. It includes also a discussion of the limiting concentration scaling of the various diffusion coefficients of charged and of effectively neutral colloidal spheres. Our conclusions are presented in Sec. VI. An index of abbreviations and symbols is given at the end of the paper.
II. EXPERIMENTAL DETAILS

A. Sample preparation
By means of radical emulsion polymerization, 26 we have synthesized two batches of PA spherical colloidal particles with two different mean hard-core radii, R 0 = 542 and 1117 Å. As explained in detail in Subsection IV A, we have determined these mean radii, and the corresponding sizepolydispersities, from model fits to the small angle x-ray scattering (SAXS) data. In the following, we refer to the two batches as the PA 542 and PA 1117 systems.
To enhance the electron density and hence the scattering strength of the polymer particles, two different functionalized monomers containing either fluorine or silicon atoms (1H,1H,5H-octafluoropentylmethacrylate (ABCR GmbH & Co. KG, Germany) and methacryloxymethyltrimethylsilane (ABCR GmbH & Co. KG, Germany)) were used for the radical emulsion polymerization. The structural formulae of the monomers are displayed in Fig. 1 , the syntheses were performed as described by Härtl. 27 The reaction temperature of 57.5
• C was kept constant during the synthesis. A mixture with a 1:1 molar ratio of the two monomers was added to a water amount of 1.5 l, saturated with nitrogen to remove dissolved oxygen. In addition, the cross-linker 2,2,3,3,4,4,5,5-octafluorohexanediol-1,6-dimethacrylate (ABCR GmbH & Co. KG, Germany) was added to stabilize the formed nanoparticles. As a redox-system, a solution of NaSO 3 (Fluka, Switzerland) and (NH 4 ) 2 Fe(SO 4 ) 2 (Fluka, Switzerland) in deionized water was added. The polymerization was initialized by adding a solution of the initiator K 2 S 2 O 8 (Merck, Germany) in deionised water.
For the PA 1117 system, a subsequent synthesis step was carried out at identical synthesis conditions 24 h after the first synthesis step, resulting in a further growth of the particles. At the end of the synthesis, remnant monomer and lowmolecular-weight oligomers were removed by a 10-12 days dialysis against deionized water. The purified colloidal suspension was concentrated by vacuum distillation. Remaining electrolyte ions were removed by a mixed-bed ion exchanger (Merck, Germany).
In the experiments, the ion exchanger was removed, and the concentration of colloidal particles was adjusted either by dilution with deionised water, or by a gentle centrifugation over a 24 h period, resulting in the latter case in a   FIG. 1 . Structural formulae of the two monomers used for the radical emulsion polymerization. Left: 1H,1H,5H-octafluoropentylmethacrylate. Right: methacryloxymethyltrimethylsilane. soft sediment of colloidal particles which was easily redispersed. To obtain systems with added electrolyte, a small volume of differently concentrated dissolved potassium chloride (KCl, Merck, Germany) in deionized water was added in replacement of the same volume of deionized water. The poly-acrylate systems studied here exhibit a high effective particle charge due to the deprotonation of surface sulfate groups.
B. Visible light scattering
The SLS and DLS experiments were performed using a 3D-DLS Spectrometer spectrometer-goniometer-system (LS Instruments AG, Switzerland), operated in multiple-scattering suppressing cross-correlation mode. This mode involves splitting the incident laser beam of wavelength λ = 632.8 nm into two beams of equal intensity by a prism system. Both beams are focused by a lens on the same scattering volume in the sample cell. The scattered light is defocused by another lens, and detected by two avalanche photo diodes placed on a goniometer arm which allows to detect the scattered light at scattering angles in between 30
• and 150
• .
C. X-ray scattering
Our x-ray scattering experiments have been performed at the beamline ID10A of the European Synchrotron Radiation Facility in Grenoble. 7, 28 The x-ray beam was monochromatized to a photon energy of 7.98 keV, corresponding to a wavelength λ of 1.554 Å. The monochromator bandwidth, λ/λ ≈ 1.4 × 10 −4 , corresponds to a longitudinal coherence length of about 1 μm. The x-ray beam was subsequently collimated to a final width by a set of beam-defining slits, resulting in a beam area of typically in between 10 μm × 10 μm and 20 μm × 20 μm.
The Fraunhofer fringes resulting from the beam defining slits, and additional stray scattering, have been suppressed by a tantalum guard slit placed directly in front of the sample. The scattered intensity has been detected by a two-dimensional (2D) detector in case of time-averaging experiments, and by a point detector in the case of photon correlation experiments. Both detectors were interchangeable during the experiment, enabling thus the measurement of the static and dynamic properties for the same sample. The detectors were placed at a detector-to-sample distance of 2.2 m.
Our usage of a 2D detector gives enhanced statistics for the time-averaged scattering experiments, especially at high values of the scattering wavenumber Q, where the count rate is drastically decreasing due to the Q −4 dependence of the scattered intensity of spherical colloidal particles. The employed 2D detector was a charge-coupled device detector with a total area of 1242 × 1152 pixels and a pixel size of 22.5 μm × 22.5 μm. Typically, series of 100-200 frames with an exposure time of 0.1 s-10 s were taken, subsequently averaged, and corrected for detector background. The time-averaged data were normalized relative to the incident flux, provided by a monitor detector, and to the transmission of the sample.
We have recorded SAXS spectra of the pure solvent and subtracted them from the data of the colloidal dispersions. The time-averaged scattering pattern from the fluid-like colloidal samples studied here are completely isotropic. Thus, in order to achieve better statistics, we have azimuthally averaged the recorded 2D scattering patterns.
Since the dynamics of the probed colloidal particles is exceedingly faster than the time-resolution of present-day 2D x-ray detectors, an avalanche photo diode was used instead for the x-ray photon correlation spectroscopy (XPCS) measurements. Slits directly in front of the point detector were adjusted to a size in between 50 μm × 50 μm and 100 μm × 100 μm.
To prevent x-ray beam damage of the samples, a flow device was used where the sample was pumped through a quartz capillary with a diameter of 1 mm. To pump the sample, a syringe pump was used allowing for constant small flow-rates in the μl/h range. The travel time of colloidal particles in the beam was varied between 1 s and 0.1 s. In addition to preventing beam-damage, the flow device allows for a precise measurement and a subsequent subtraction of the scattering intensity due to the solvent and the capillary.
III. THEORY
A. Static scattering function
The time-averaged intensity, I s , of x-rays or visible light scattered by the colloidal particles into a solid angle, , is given by 29, 30 
where I 0 is the intensity of the incident beam of crosssectional area A 0 , and dσ /d is the differential scattering cross-section. In the absence of multiple scattering, the crosssection of a homogeneous fluid-like sample of spherical particles can be approximated by 29, 30 
where n is the number density of colloidal particles, and V s is the scattering volume. The scattering amplitude, F s , is different for the x-ray and visible light scattering cases. For x-ray scattering, F s = r 0 ρ, where r 0 is the electronic scattering length, and ρ = ρ c − ρ s is the contrast between the electron densities, ρ c and ρ s , of scatterers and solvent, respectively. For visible light scattering and optically homogeneously scattering colloids, F s = ( r − s )/ s is given by the dielectric contrast, with r and s denoting the colloid and solvent dielectric optical permittivities at the employed laser-light frequency. In Eq. (2), P m (Q) is the size-averaged colloidal form factor, and S m (Q) is the measurable colloidal static structure factor which, for polydisperse samples, is a weighted sum of partial static structure factors.
14, 31
The mean form factor of size-polydisperse spherical particles with size distribution function p(R) is given by
Here, f sph (QR) = 3[sin(QR) − QR cos(QR)]/(QR) 3 and V sph = (4/3)πR 3 are the form amplitude and the volume of a colloidal sphere of radius R, respectively.
By invoking the so-called decoupling approximation, we neglect the small size-, and thus putatively also small chargepolydispersity effects on the colloidal microstructure, while maintaining the polydispersity influence on the scattering amplitudes. The decoupling approximation 14 consists of approximating the exact S m (Q) in Eq. (2) by
where S(Q) is the structure factor of ideally monodisperse spheres of radius equal to the mean radius R 0 = R . The decoupling amplitude factor X(Q), with 0 ≤ X(Q) ≤ 1 is given by
The function 1 − X(Q) is displayed in Fig. 2 for the systems PA 542 and PA 1117 , along with the corresponding P m (Q). pressibility S(Q → 0) ≈ 0, since in this case it dominates the coherent scattering contribution X
(Q)S(Q).
To describe the size polydispersity in our theoretical analysis, we use the two-parametric, unimodal Schulz-Zimm 33, 34 distribution function,
involving the Gamma function , and polydispersity (relative standard deviation) R/R 0 = R
We have determined the mean radius R 0 and polydispersity R/R 0 for systems PA 542 and PA 1117 by fitting P m (Q) to the normalized SAXS intensities of strongly dilute, highsalinity systems where S m (Q) is practically identical to one. The resulting fit values are discussed in Subsection IV A, in context with Fig. 2 .
According to Eqs. (2) and (4), evaluation of the scattering cross-section requires the computation of
(Q) and S(Q). In calculating S(Q)
, we assume the particles to interact directly by the repulsive part,
of the Derjaguin-Landau-Verwey-Overbeek (DLVO) pair potential, 35 characterized by the pair interaction amplitude, γ , and the reduced screening parameter, k, where
and
Here, β = 1/k B T, with Boltzmann constant k B and absolute temperature T, and L B = βe 2 / is the solvent-characteristic Bjerrum length in Gaussian units with proton elementary charge e and zero-frequency limiting dielectric constant, , of the solvent. The parameters γ and k are determined by the number density, n s , of 1-1 salt co-ions, the colloid volume fraction φ = (4π/3)nR 3 0 , involving the number density, n, of colloidal particles, and the effective colloid charge number, Z. For weakly charged colloids, Z is equal to the colloidal bare charge, i.e., the number of dissociated monovalent ionic surface groups on a colloidal particle. For the highly charged colloids in the present study, where L B Z/(2R 0 ) 1, one has to regard Z as the net charge of a colloid dressed with closely associated counterions. [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] The factor 1/(1 − φ) in Eq. (9) corrects for the free volume accessible to point-like microions at nonzero concentrations of impermeable colloidal spheres. 47, 48 We note again that in the framework of the employed decoupling approximation, size polydispersity and a possibly related particle charge polydispersity are ignored in the employed pair potential. According to charge-renormalization theory predictions in the saturation regime of highly charged colloidal particles, the effective particle charge is only weakly (i.e., logarithmically) dependent on the bare colloidal charge and particle radius.
43-46
Downloaded 22 May 2013 to 134.94.122.190. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions Furthermore, in using the pair potential according to Eq. (7), referred to as the hard-sphere plus repulsive Yukawa potential, attractive interaction contributions such as vdW attraction are neglected. For highly charged particles at low salinity, the DLVO potential with vdW attraction included has a pronounced principal maximum (Coulomb barrier) where βu(x 1) 1, so that close-contact pair configurations are extremely unlikely. In addition to low-salinity samples, we have studied colloidal suspensions with a large amount of added salt. Despite a nearly vanishing Coulomb barrier, also these samples show no sign of precipitation. The stability of these high-salinity systems might be due to the hydrophilic character of the highly charged PA spheres, and a rather weak strength of the vdW attraction due to surface roughness. This justifies to some extent our neglect of short-range attraction and size polydispersity in using Eq. (7) for not too large concentrations, with further credibility of their neglect drawn from the good and consistent fits of the SLS-and SAXSdetermined S m (Q) by our theoretical results based on the HSY pair potential in Eq. (7) (cf., Subsection IV B).
To calculate S(Q) using the pair potential in Eq. (7), we employ the MPB-RMSA, an analytic method recently introduced by two of the present authors. 9, 10 It is based on Snook and Hayter's modification 49 of the well-known RMSA scheme. 50 The details of the MPB-RMSA method are given in Ref. 9 , where also comprehensive parameter scans are described which cover the full fluid-state regime for chargestabilized particles interacting according to Eq. (7). The MPB-RMSA results for S(Q) are generally in excellent agreement with far more elaborate Monte Carlo simulations, and with results by the well-established, but non-analytic RogersYoung integral equation scheme. 51 For neutral particles, the MPB-RMSA solution for S(Q) reduces to that obtained in the Percus-Yevick 52, 53 approximation.
B. Dynamic scattering function
In our DLS and XPCS experiments, we have determined the normalized intensity autocorrelation function,
as a function of wavenumber Q and correlation time τ . Here, β(Q) denotes the speckle contrast, and g 1 (Q, τ ) is the normalized field autocorrelation function related to g 2 (Q, τ ) by the Siegert relation. The bracket, . . . , denotes a time average. For the fluid-disordered, isotropically scattering particle systems considered here, the average can be likewise interpreted as an equilibrium ensemble average. In the dynamical extension of the decoupling approximation, (11) where S(Q, τ ) is the intermediate scattering function, 55 with S(Q, τ = 0) = S(Q), and G(Q, τ ) is the self-intermediate scattering function related to self-diffusion. For negligible nonGaussian contributions to G(Q, τ ), 56 the self-intermediate
2 is the mean squared displacement (divided by the factor 6 in three-dimensions) of a sphere with center position R(τ ) at time τ . The colloidal short-time regime τ B ≈ τ H τ τ I of the correlation time τ is constricted from below by the momentum relaxation time, τ B = m/(6πη 0 R 0 ), roughly equal to the hydrodynamic vorticity diffusion time, τ H = R 2 0 ρ S /η 0 , for overdamped shear waves diffusing across the radius R 0 , and from above by the interaction time τ I = 4R 2 0 /D 0 . 14, 57 Here, m is the mass of a colloidal sphere, and D 0 = k B T/(6πη 0 R 0 ) is the translational free diffusion coefficient of an isolated single sphere with hydrodynamic stick (i.e., no-slip) surface boundary conditions suspended in an infinite and quiescent (i.e., overall stationary) fluid. Moreover, ρ S and η 0 are the mass density and shear viscosity of the suspending Newtonian solvent. Note that our particles are practically neutrally buoyant. Using the viscosity, η 0 , of water at room temperature, i.e., at T = 20
• C, for the systems PA 542 and PA 1117 we obtain τ B = 0.7 and 2.8 ns, τ H = 2.9 and 12 ns, and τ I = 3.0 and 26 ms, respectively. During a short-time interval, τ , a particle diffuses a distance which is only a tiny fraction of its size. This fact allows for calculating short-time diffusion properties from equilibrium averages involving Stokes-flow hydrodynamic mobilities.
In The hydrodynamic function can be interpreted as the reduced short-time generalized mean sedimentation velocity of particles in a homogeneous suspension subject to a weak force field collinear with the scattering wavevector Q and oscillating spatially as cos(Q · r). Accordingly, H(Q → 0) is the reduced short-time sedimentation velocity (in the zero-volume flux reference frame) in a homogeneous force field in units of the corresponding sedimentation velocity of a single colloidal sphere. The related collective diffusion coefficient,
, quantifies the initial decay rate of thermally induced density waves of macroscopic wavelength. In the opposite limit of large wavenumbers, H(Q → ∞) = D s /D 0 < 1. Note that 1/S(Q → 0) is commonly referred to as the thermodynamic factor associated with collective diffusion since, for monodisperse spherical particles, S(0) is related to the isothermal osmotic compressibility. 14 The shape of H(Q) is quite similar to that of S(Q), however, with less pronounced oscillations. In particular, the principal peaks of H(Q) and S(Q) are located at practically the same wavenumber, Q m , inversely proportional to the diameter of the nearest neighbor cage formed around a colloidal particle. Therefore,
is referred to as the cage-diffusion coefficient. While H(Q m ) < 1 for many systems, in Sec. V we show that values H(Q m ) > 1 are attained for suspensions at low salinity and low volume fraction.
In decoupling approximation at short times,
with two exponentially decaying diffusive modes of relaxation rates determined by D s and D(Q), respectively. A first cumulant analysis of g 1 (Q, τ ) provides the measurable diffusion function,
which incorporates the measurable hydrodynamic function H m (Q). In decoupling approximation, the latter is approximated by
where H(Q) is the hydrodynamic function of ideally monodisperse spheres of radius R 0 .
To calculate H(Q), we employ a self-part corrected version of the δγ -expansion scheme (self-part corrected δγ -scheme, for short). 11 We will show in Sec. V that the selfpart corrected δγ -scheme becomes less accurate when both φ and 1/k are large. This inaccuracy can be traced back to the employed self-part correction.
The hydrodynamic function can be decomposed, according to
into a self-part, D s /D 0 , and a distinct part,
can be calculated separately using the original lowest order δγ -expansion results by Beenakker and Mazur. [58] [59] [60] In this scheme, many-particle HIs are approximately accounted for, and only S(Q) is required as static input which makes the δγ method analytically tractable. A crucial point to notice here is that S(Q) enters only in the δγ -scheme expression for H d (Q), whereas the corresponding δγ -scheme expression for D s is independent of the pair potential. The δγ -scheme provides quite accurate results for H d (Q) both for neutral and charged spheres, but for D s it is decently accurate only for neutral spheres and when φ ≤ 0.4. For charged spheres, a more accurate method than the δγ -scheme is required for calculating D s .
In Refs. 11 and 25, it was shown that the D s of chargestabilized spheres can be computed to very good accuracy using the approximation of pairwise additive hydrodynamic interactions (PA-scheme), provided that φ 0.15. Like the δγ -scheme, the PA-scheme requires S(Q), or equivalently, the radial pair-distribution function g(r), as the only input. In the PA-scheme, however, three-body and higher order HIs contributions are neglected. In our PA-scheme calculations of D s , we use numerically precise two-sphere hydrodynamic mobility tensors that include the details of near-contact lubrication, [61] [62] [63] making the PA-scheme therefore exact to linear order in φ. In the self-part corrected δγ -scheme used in this paper, H(Q) is calculated according to Eq. (14) In the special case of neutral hard spheres (HS), the thirdorder virial expansion result,
for D s has been shown to be more accurate than the corresponding δγ -scheme prediction. 11 Equation (15) agrees very well with numerically precise accelerated Stokesian dynamics simulation 22 and hydrodynamic force multipole 64 
IV. RESULTS: STATIC PROPERTIES
In the following, we distinguish between the experimental (nominal) volume fraction, φ nom , and the volume fraction, φ, with the latter obtained as a fit parameter from our theoretical modeling of the scattering intensity. The nominal volume fraction is selected experimentally either by dilution or concentration of the deionised master suspensions with known total mass of PA colloidal particles and respective particle mass density. No distinction is made between the experimentally selected (nominal) concentration, n nom s , of added KCl, and the salt concentration, n s , entering the theoretical analysis via Eq. (9). The reasons why φ, but not n s , is treated as a fit parameter are discussed in detail in Subsection IV B.
In the presented study, system PA 542 has been prepared with four nominal volume fractions φ nom = 0.001, 0.002, 0.004, and 0.008, and system PA 1117 for φ nom = 0.08, 0.16, and 0.32. For all considered volume fractions, n nom s has been varied to examine the effect of electrostatic screening. The parameters of all samples are listed in Table I .
A. Form factor
To deduce the particle form factor of the two PA systems, we have recorded SAXS intensities for dilute samples at φ nom < 0.005. Residual direct particle interactions were electrostatically screened by the addition of a 1-1 KCl electrolyte solution, leading to nominal salt concentrations of n nom s = 200 and 500 μM for systems PA 542 and PA 1117 , respectively. Figure 2 shows the corresponding SAXS intensities (open circles) of dilute systems PA 542 and PA 1117 with negligible particle correlations. The depicted intensities have distinct minima indicative of rather monodisperse particles. As shown, the intensities can be excellently fitted using Eqs. (1)- (3) with S m (Q) set equal to one. The best-fit form factor in Fig. 2 (solid red and blue curves) give average particle radii, R 0 , of 542 and 1117 Å, and size polydispersities, R/R 0 , of 12.1 % and 5.7 % for systems PA 542 and PA 1117 , respectively. Figure 2 depicts additionally the decoupling factor 1 − X(Q) of both systems, with X(Q) evaluated according to Eq. (5). Good agreement is observed between 1 − X(Q → 0), and its low-polydispersity approximation 9( R/R 0 ) 2 , with the latter indicated by the horizontal green line segments at low Q values.
B. Structure factor
For samples with significant particle correlations, the measurable static structure factor, S m (Q), was determined experimentally as the colloid concentration-weighted ratio of the SAXS-and SLS-determined mean intensity, I s (Q), and the corresponding low-concentration SAXS intensity data displayed in Fig. 2 . Regarding the SLS measurements of I s (Q) at low Q, additional low-concentration SLS measurements were made for the static structure factor determination. A beam stop was used to block the direct beam at very low Q.
In Fig. 3 , open circles represent the SLS-determined S m (Q) for nine samples of system PA 542 , with nominal volume fractions φ nom = 0.002, 0.004, and 0.008, and concentrations of added KCl ranging from n nom s = 0 (no added salt) to 0.05 mM. The panels of Fig. 3 , and likewise of Figs. 4, 6 and 7 discussed further down, are ordered with respect to φ nom , which increases from top to bottom, and with respect to n nom s , which decreases from left to right. Hence, the strength of the inter-particle correlations increases from the top left to the bottom right panel. The SAXS S(Q) for nine samples of system PA 1117 are shown in Fig. 4 . Here, the nominal volume fractions are φ nom = 0.08, 0.16, and 0.32, respectively, and n nom s is varied in between 0.05 and 5 mM. In the MPB-RMSA fits of the experimental S m (Q) based on the decoupling approximation expressions in Eqs. (4) and (7), T = 293.15 K, = 80.1, and R 0 = 542 or 1117 Å are kept constant, while the volume fraction φ is treated as an adjustable parameter. To consider the added salt concentration, n s , as another fit parameter would be problematic since Z and n s opposingly influence the undulations in S(Q), most prominently visible in the peak height S(Q m ). The peak height grows with increasing Z, but decreases with increasing n s . Different combinations of Z and n s can result thus in quite similar S(Q). In the theoretical analysis of the experimental S m (Q), it is therefore helpful to have independent control on one of the two parameters Z or n s . In the present work, n nom s is controlled experimentally with high precision by the addition of a KCl solution of known concentration. Thus, in our fits of S m (Q), n s is set equal to n nom s , leaving only the two fit parameters φ and Z. The best-fit values for φ and Z are listed in Table I , for all systems studied. We note that n s = 1 μM was actually used in the case of n nom s = 0, i.e., in the zero added-salt case, to account approximately for the self-dissociation of water at neutral pH (n s ≈ 0.1 μM), and for residual electrolyte ions stemming from dissociated CO 2 (n s 1 μM). These ions are practically inevitable in an aqueous solvent.
The red solid curves in Fig. 3 are the best-fit measurable static structure factors, S Table I . Identical axes scales are used in panels (a)-(i). The (measurable) hydrodynamic functions corresponding to the structure factors shown here are plotted in Fig. 6. be partially attributed to low-concentration impurities such as dust particles. In addition, multiple scattering with more pronounced effects at small Q values might add to the deviations. Moreover, there are residual solvent and mixed solvent-solute scattering contributions not accounted for in the theoretical analysis. All these left-out scattering contributions can enlarge S m (Q ≈ 0) significantly for low-salinity systems where the ideal structure factor S(Q ≈ 0) is small. For a discussion of possible solvent and solvent-solute scattering corrections to the experimental structure factor, we refer to Ref. 65 .
The SAXS-determined static structure factors of the large PA 1117 particles (open circles) are shown in Fig. 4 . The red solid curves are best-fit MPB-RMSA results for S(Q). Different from the PA 542 particles in Fig. 3 , where the incoherent scattering contribution at low Q values is significant, the polydispersity of the big particles is so small that its influence can be disregarded. Indeed, for the samples in Fig. 4 , the principal peak in S(Q) occurs at Q m < 0.03 nm −1 . On noting (see sample (g), the charged-sphere and neutral hard-sphere structure factors are practically equal, indicating that the electrostatic repulsion in this system is fully screened. The same conclusion applies to the sample at φ nom = 0.32, which has an even higher salt concentration of 10 mM (its S(Q) is not shown in Fig. 4 , but its parameters are listed in Table I ).
We note from Table I that for both particulate systems PA 542 and PA 1117 , the deduced effective charge number, Z, is overall increasing with increasing volume fraction, and increasing concentration of added electrolyte. This is consistent with cell-model based charge renormalization calculations predicting the same trends for not too small volume fractions. 43, 66 The smaller effective charge values for the PA 1117 samples at low salinities could be due to the additional growth step performed in the synthesis process of this particles, resulting possibly in a smaller number of charged sulfate groups per unit of surface area.
According to Table I , the best-fit volume fractions φ are overall in good agreement with the nominal values φ nom . For the PA 1117 samples with larger φ nom , a slight decrease of φ with increasing n s can be observed. The reason for this is unclear, in particular, since there is no indication for the formation of aggregates even at the largest considered salt concentration.
C. Limiting scaling relations for the nearest neighbor shell
According to Table I, the principal peak wavenumber location, Q m , of the static structure factor shifts to larger values with increasing φ nom , indicative of a compression of the nearest neighbor shell radius, R m ∼ 2π /Q m , with increasing particle concentration. A precise definition of the nearest neighbor shell radius is given by the principal peak position, r m , of the radial distribution function g(r). For samples of equal φ nom , Q m shifts to larger values with increasing electrolyte concentration, as expected. Only for the sample (h) in Fig. 3 , with φ nom = 0.008 and n nom s = 10 μM, is this trend violated. This can be attributed to experimental variations in the particle concentration during sample preparation, reflected in the relatively large differences between φ and φ nom in row 11 of Table I .
In 
The φ-scaling expressions in Eqs. (16) and (17) Note that our experimental-theoretical findings for the concentration dependence of r m and Q m are in qualitative agreement with related studies for dilute suspensions of charged silica spheres, 67, 68 where, however, the erroneous prefactor 2.0 has been used in Eq. (17) .
At fixed electrolyte concentration, S(Q m ) increases with increasing φ (see Table I and Figs. 3 and 4) , due to the enlarged particle correlations. Different from that, for fixed volume fraction, an increase in n nom s results in a decrease of S(Q m ), due to the stronger screening of the electrostatic interactions. The decrease in S(Q m ) is accompanied by a principal peak broadening, i.e., by a more diffuse nearest neighbor cage.
V. RESULTS: DYNAMIC PROPERTIES
We compare our experimental results for the short-time diffusion properties with predictions by the self-part corrected δγ -scheme, which requires S(Q) as the only input. The latter is given by the MPB-RMSA fits of the SLS and SAXS data discussed earlier. For the samples with φ nom ≤ 0.16 ( Fig. 6 and panels (a)-(f) in Fig. 7) , there is good agreement between the experimental H m (Q) and H(Q) and the theoretical predictions by the self-part corrected δγ -scheme, with PA-scheme D s /D 0 . Significant deviations are seen, however, for the most concentrated samples in Fig. 7 where φ nom = 0.32. The reason for these deviations is the known failure of the PA-scheme to correctly predict D s /D 0 for volume fractions φ 0.15, when three-body and higher order HIs contribute significantly to the short-time self-diffusion coefficient. 11 Higher order HIs influences on D s , left out in the PA-scheme, give rise to the shielding of the HIs between a pair of particles by interlaced third particles or particle clusters. Hydrodynamic shielding reduces the strength, but not the range of the HIs, and it gives rise to an increase of D s /D 0 relative to the PA-scheme predicted values. This explains why the experimental H(Q) of the PA 1117 samples at φ nom = 0.32 are overall underestimated by the selfpart corrected δγ -scheme prediction with PA-scheme D s /D 0 . The underestimation of D s /D 0 by the PA-scheme at the considered large φ values is so strong that unphysical negative values of H(Q) at low Q are predicted for the samples in panels (h) and (i) of Fig. 7 . Note, however, from Eq. (14) and panels (g)-(i) in Fig. 7 , that the distinct part, H d (Q), of H(Q) is still predicted with good accuracy by the δγ -scheme even at φ nom = 0.32. These observations suggest that the self-part corrected δγ -scheme, with PA-scheme D s /D 0 input, is reliably applicable for φ 0.15 only. Indeed, at φ nom = 0.32 the uncorrected δγ -scheme predictions for H(Q) (orange dotted curves in Fig. 7 ) are somewhat fortuitously in better agreement with the experimental data. On first sight, one may conclude thus that the uncorrected δγ -scheme should be used in place of the corrected δγ -scheme whenever the δγ -scheme prediction for D s /D 0 is larger than the one by the corresponding PAscheme. Stated alternatively, for a given potential parameter set (γ , k, φ), one could calculate D s /D 0 both using the δγ -and the PA-schemes, adding the larger of the two predictions for D s /D 0 to the δγ -scheme result for H d (Q). While such an ad hoc approach has some empirical justification, from a theoretical point of view it is unsatisfying for the following reason: Switching from the PA-to the δγ -scheme result for D s /D 0 at some volume fraction φ*, where the predicted values cross over, induces an unphysical kink (at φ*) in D s (φ). Moreover, it is unsatisfying that the invoked zeroth-order δγ -scheme expression for D s /D 0 has no dependence on the form of the pair potential.
Thus, in place of an ad hoc switching between the PA and δγ -scheme results for D s /D 0 , a theoretical input for D s /D 0 reliable at all fluid-state volume fractions is on request. Without resorting to numerically expensive simulations, such an input is available to date only for the special case of neutral hard spheres, for which Eq. (15) can be applied to very good accuracy for concentrations up to the hard-sphere freezing transition value. For the PA 1117 sample at φ nom = 0.32 and n nom s ≥ 5 mM (the two lowermost entries of Table I ), Eq. (15) for D s /D 0 is a viable input indeed, on recalling from our discussion of system (g) in Fig. 4 that, due to the high salt content, the pair correlations in these systems are practically indistinguishable from those of neutral hard spheres. In panel (g) of Fig. 7 
B. Wavenumber dependent diffusion and scaling relations
We proceed by discussing the concentration depen- Table I .
The collective diffusion coefficient D c , which quantifies the (initial) decay rate of thermally induced density fluctuations of macroscopic wavelengths, is difficult to access experimentally since it invokes a delicate zero-Q extrapolation of D(Q). Incoherent scattering contributions at low Q cause significant deviations between the experimental values, and the theoretical predictions for D(Q) and S(Q) without polydispersity. The most pronounced low-Q deviations occur at low salinity between the ideal structure factor S(Q) and the measurable static structure factor (see Fig. 3 ). The sample with the strongest deviations between the two functions is the PA 542 sample at φ nom = 0.002 and n Hence, a theoretical analysis of the experimental data is indispensable for a reliable determination of the (mean) collective diffusion coefficient. Note that the short-time collective diffusion coefficient discussed here is only slightly larger than its longtime counterpart. 22 Different from that, the long-time selfdiffusion coefficient in concentrated systems is substantially 
for neutral hard spheres, which is known from comparison with simulation 22 to be decently accurate even for large volume fractions up to the freezing transition value φ H S f ≈ 0.49.
Equation (18) 
of fractional exponent 4/3, and with coefficient a t ≈ 2.5 − 2.9, depending to some extend on particle charge and size. 14, 25, 71 Equation ( We finally discuss the concentration dependence of H(Q m ) depicted in panel (c) of Fig. 8. Like S(Q) , the hydrodynamic function has its maximum at Q ≈ Q m . The peak low-concentrated systems at low salinity is confirmed by our experimental data.
